Single Photon Emission from Site-Controlled InGaN/GaN Quantum Dots by Zhang, Lei et al.
ar
X
iv
:1
30
8.
59
08
v2
  [
ph
ys
ics
.op
tic
s] 
 8 
No
v 2
01
3
Single Photon Emission from Site-Controlled InGaN/GaN Quantum Dots
Lei Zhang, Tyler A. Hill, and Hui Deng∗
Department of Physics, University of Michigan, 450 Church Street, Ann Arbor, MI 48109, USA
Chu-Hsiang Teng, Leung-Kway Lee, and Pei-Cheng Ku†
Department of Electrical Engineering and Computer Science,
University of Michigan, 1301 Beal Ave., Ann Arbor, MI 48109, USA
(Dated: August 23, 2018)
Single photon emission was observed from site-controlled InGaN/GaN quantum dots. The single-
photon nature of the emission was verified by the second-order correlation function up to 90 K,
the highest temperature to date for site-controlled quantum dots. Micro-photoluminescence study
on individual quantum dots showed linearly polarized single exciton emission with a lifetime of a
few nanoseconds. The dimensions of these quantum dots were well controlled to the precision of
state-of-the-art fabrication technologies, as reflected in the uniformity of their optical properties.
The yield of optically active quantum dots was greater than 90%, among which 13%-25% exhibited
single photon emission at 10 K.
Semiconductor quantum dots (QDs) have diverse
quantum photonic applications[1, 2] due to their atomic-
like properties, characterized by discrete, optically active
energy states. Many critical capabilities of QDs have
been demonstrated, including single photon emission,[3]
entanglement generation,[4, 5] strong coupling with opti-
cal cavities,[6–8] single-QD lasing,[9] and control of sin-
gle spin states.[2] However, most work to date has been
based on self-assembled QDs in III-As and III-P materi-
als, which face severe limitations in operating temper-
ature and scalability. III-As and III-P QDs typically
operate at cryogenic temperatures due to the relatively
small exciton binding energies and QD-barrier band off-
sets. Furthermore, self-assembled QDs are formed at ran-
dom locations and suffer from large inhomogeneity in size
and spectral distribution, which prevents controlled cou-
pling of multiple QDs or coupling of QDs with cavities.
In this letter, we report single photon emission from site-
controlled single InGaN/GaN QDs that are scalable for
manufacturing and can be readily integrated with cavi-
ties.
To achieve cryo-free operation, III-N QDs with large
QD-barrier band offsets and exciton binding energies
have emerged as one of the most promising solutions.
Single photon emission has been reported up to 200 K,
although only in a self-assembled GaN/AlN QD[10] and
an InGaN QD in a self-organized AlGaN nanowire.[11]
To control the position of a III-N QD, various approaches
have been explored.[12–18] To date, QD-like emission has
only been reported from dots formed at the apex of a site-
controlled GaN pyramid[12, 17] and dots at the top of a
site-controlled AlGaN nanowire.[18] But no single photon
emission has been reported from these systems yet.
In this work, we fabricated site-controlled InGaN/GaN
QDs by dry etching of a planar single quantum well
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(QW). This structure has been applied to III-As sys-
tems but with very limited success, due to the detrimen-
tal surface effects introduced by the etched sidewall.[19]
In contrast, the surface recombination velocity of III-
N is 2-3 orders of magnitude slower than that of III-
As.[20, 21] Bright luminescence has been observed from
ensembles of III-N nano-pillars etched from multiple QW
structures,[13–15] and from a single quantum disk at
the room temperature.[22] Yet no clear evidence of sin-
gle photon emission from these structures have been re-
ported so far. Here we not only show single photon
emission from our lithographically defined, scalable sin-
gle InGaN/GaN QDs but also show that this quantum
phenomenon survives at temperatures up to 90 K, the
highest temperature for all site-controlled QDs to date.
The sample used for this work was grown by metalor-
ganic chemical vapor deposition (MOCVD) on a sapphire
(0001) substrate. A single InGaN QW of 3 nm thick-
ness and 15 % indium fraction was sandwiched between a
10 nm thick GaN layer on the top and a 1.5 µm thick GaN
layer at the bottom. The planar structure was then pat-
terned via electron beam lithography and subsequently
etched into pillars of ∼ 120 nm in height by inductively-
coupled plasma reactive-ion etching. No further surface
treatment was applied to the sample. The finished de-
vice contains multiple arrays of pillars, each pillar, on
their top, containing a single InGaN nanodisk as the QD
active medium. Details of the fabrication process can be
found in our previous work. [23] The separation between
QDs in each array is also controllable. In the same sample
we have both dense arrays with 300 nm inter-dot sepa-
ration for ensemble photoluminescence (PL) studies and
sparse arrays with 5 µm inter-dot separation to enable
the isolation of single QD for micro-photoluminescence
(µ-PL) studies. A schematic of a fabricated nanopillar
as well as a scanning electron microscope (SEM) image
of a dense array containing QDs of D = 17 nm is shown
in Fig. 1(a) and (b), respectively.
We used a confocal microscopy setup to investigate
individual QDs’ time-integrated and time-resolved PL
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FIG. 1. (a) A schematic of a single InGaN QD contained in a
GaN nanopillar fabricated by plasma etching of a patterned
QW. (b) The SEM image of a 1 µm×1 µm dense array of
nanopillars of 17 nm in diameter.
properties. All data were taken using a frequency-
doubled 780 nm Ti:Sapphire laser with 150 fs pulse dura-
tion and 80 MHz repetition rate. The second-order cor-
relation function was measured using a Hanbury-Brown-
Twiss (HBT) interferometer. Details of the setup are
described in the supplementary material. [24]
The PL spectrum of a single InGaN nanodisk of ∼
29 nm in diameter is shown in Fig. 2(a), taken at 10 K
with an excitation intensity of P = 6.37 W/cm2. It con-
sists of a dominant zero-phonon line (ZPL) and its weak
optical-phonon (OP) replicas. The ZPL is at ∼2.95 eV
with a full-width-at-half-maximum (FWHM) of 14 meV.
The energy interval of the series of OP replicas to the
lower energy side of the ZPL suggests an OP energy of
∼90 meV (inset). The integrated PL intensity I of the
ZPL increases linearly with the excitation intensity P
as I ∝ P 1.10 (Fig. 2(b)). It shows that the ZPL con-
sists of mainly exciton emission. The slight super-linear
power dependence may be related to other secondary ef-
fects which is unclear at the moment.
The decay of the exciton emission is mono-exponential
in time, suggesting that the ZPL consists of mainly single
exciton state. The 1/e decay time of 3.4 ns (Fig. 2(c))
corresponds to a homogeneous linewidth of < 6 µeV,
much narrower than the PL linewidth of ∼14 meV for
the ZPL. This suggests that the ZPL is broadened by
fast spectral diffusion[25] caused by the charge trapping
and releasing processes on the free surfaces nearby, such
as the nanodisk sidewall and the top of the capping layer.
Therefore the spectral diffusion could be reduced by GaN
regrowth after surface treatment. The exciton emission
from this QD, as well as from all the QDs we have mea-
sured, is linearly polarized as depicted in Fig. 2(d). Lin-
early polarized exciton emission has been observed by
several groups in InGaN QDs of different forms.[17, 26]
This has been attributed to the anisotropy of the QD
strain profile, possibly caused by the anisotropy in QD
geometry.[26] In our QDs, the plasma etching process at-
tacks the sidewall randomly and introduces anisotropy
in the lateral geometry, leading to the linear polarization
with random orientations.
The above properties of the QD exciton emission re-
main unchanged at higher excitation densities. Most
FIG. 2. 10 K optical properties of a QD of D = 29 nm
in diameter. (a) The PL spectra at excitation intensity
P = 6.37 W/cm2. The inset is a semi-logarithm plot of the
same spectrum to emphasize the OP replicas. The two black
vertical lines represent the spectral window for the g(2) mea-
surement in Fig. 3(a). (b) The PL intensity I vs. the excita-
tion intensity P . A fit (solid line) of log(I) vs. log(P ) shows
that I has a linear dependence on P . (c) The time-resolved
PL decay curve of the ZPL. A mono-exponential fit (white
line) shows a 3.40 ns decay time. (d) Exciton emission in-
tensity I vs. angular orientation (θ) of the linear polarizer.
The data are fitted with the equation acos2(θ + b) + c (solid
line). The fitting results are a = 0.832, b = 0◦, c = 0.08. The
absolute value of the polarizer angle has no physical meaning
and is offset so that b = 0◦.
notably, there is no discernible blueshifts of the exci-
ton energy with the increase of laser-excitation intensity
by more than two orders of magnitude. This is in con-
trast with what is expected from a strained InGaN nan-
odisk, since it is well known that the strain induces piezo-
electric field perpendicular to the InGaN nanodisk plane,
which causes Stark shift of the exciton energy. Upon in-
creasing the excitation intensity, more electron-hole pairs
(EHPs) are injected into the InGaN layer, which screen
the electric field and lead to a blueshift of the exciton en-
ergy. Note that, even though the strain is greatly relaxed
in our small nanodisks compared to infinitely large planar
InGaN QWs,[15, 22, 27–29] a significant amount of strain
still remains.[30] This contradiction can be resolved if our
InGaN nanodisk is truly a QD whose excitonic energy
levels are energetically separated. In this case the piezo-
electric fields will not cause energy blueshifts to QD’s
spectral lines because of the cascade nature of the QD
carrier dynamics, i.e. no matter how many EHPs are in-
jected to begin with, the exciton emission will not occur
until all EHPs but one have recombined.
To verify that our InGaN nanodisks are true QDs, ca-
pable of generating single photons, we performed second-
3FIG. 3. Single photon emission up to 90 K. All data are
without any background subtraction. (a) 10 K g(2) data of
the QD described in in Fig. 2. (b) 90 K g(2) data measured
from another QD of D = 29 nm in diameter. The solid curves
are the fitted g(2) function24 showing g(2)(0) = 0.18 for (a)
and g(2)(0) = 0.38 for (b), respectively.
order correlation (g(2)) measurement on the entire ZPL
by applying a 30-meV-wide spectral filter as marked by
the pair of vertical lines in Fig. 2(a). Without saturating
the exciton state, at P = 4.77 W/cm2 excitation inten-
sity, we obtained the g(2) function of the ZPL as shown in
Fig. 3(a). Despite significant overlapping between peaks
of neighboring periods due to the short excitation-laser
period of T = 12.5 ns, the antibunching feature at the
zero time delay is evident, with g(2)(0) ∼ 0.22 with-
out background subtraction. To accurately evaluate the
photon-antibunching performance, we fit the pulsed-g(2)
data with a model considering the contribution of multi-
ple excitonic states24, leading to g(2)(0) = 0.18 as shown
via the solid curve in Fig. 3(a)), suggesting good single-
photon emission from our QDs.
The non-zero g(2)(0) value comes from emission by
multi-exciton states within our spectral window. Single
photon sources based on QDs typically require a nar-
row spectra filter to separate the exciton emission from
multi-exciton emissions. Due to the large built-in elec-
tric field, the emission lines in III-N QDs, including in our
QDs, are often severely broadened by spectral diffusion
and are difficult to separate, which typically would forbid
anti-bunching in the emission. The good anti-bunching in
the g(2) data, despite the inclusion of multi-exciton emis-
sions, indicates that excitons have much higher quantum
efficiencies (QEs) than multi-exciton states. QE is de-
fined as η = γr/γ, where γr is the radiative decay rate
and γ is the total decay rate. The difference in QEs
results from uneven strain-relaxation in the QD. Strain
is fully relaxed at the sidewall of the InGaN QD but
only partially relaxed at the center, leading to an uneven
electric field and a lateral potential along the QD radial
direction.[31] The lateral potential is lower at the center
and higher near the sidewall; hence it serves as a barrier
to protect EHPs from reaching the sidewall surface where
they recombine nonradiatively.[32] Therefore, higher po-
tential barriers result in higher EHP QEs. Multi-exciton
states screen the electric fields more, yielding lower po-
tential barriers and, consequently, lower QEs. Note that,
at low excitation intensities, g(2)(0) is approximately the
TABLE I. The contributions of the thickness l, indium frac-
tion x and diameter D fluctuations to the total PL energy
E inhomogeneity ∆E for a circular Inx=0.15Ga0.85N nanodisk
with l = 3 nm and D = 29 nm. ∆E is calculated from each
contribution as ∆E =
√
∆E2
l
+∆E2x +∆E2D.
Source Fluctuation Contribution to ∆E
Thickness ∆l = 2 ML ∆El = 28 meV
Diameter ∆D = 1.7 nm ∆ED = 6 meV
Indium fraction ∆x = 0.2% ∆Ex = 8 meV
Total calculated ∆E = 30 meV
Total observed σE = 34.5 meV
biexciton-to-exciton QE ratio.[33]
Single photon emission was observed up to 90 K from
our QDs. With the increase of the temperature, the total
PL intensity decreases due to increased thermal escape of
the confined EHPs from the lateral confinement poten-
tial. Therefore, to study the high temperature properties,
we chose another QD with higher PL intensity at 10 K
than the previous one. Single-photon emission is demon-
strated at 90 K from this QD through the g(2) measure-
ment which shows g(2)(0) ∼ 0.38 (Fig. 3(b)). This is
the highest temperature at which single-photon emission
has been observed in site-controlled QDs so far. Inter-
estingly, at 10 K, g(2)(0) of this QD increased to higher
than 0.5. This is because, with decreasing temperature,
the biexciton’s QE is improved, more than that of the
exciton’s.[32] We would like to note that QD-like PL has
been observed up to room temperature in our QDs.[22]
Note also that for InGaN QDs with similar material com-
positions, high temperature single-photon emission has
been reported for a self-assembled InGaN/GaN QD up
to 50 K. [34] This suggests that even though our fabrica-
tion approach involves free surfaces, the optical quality is
at least comparable to the highest quality self-assembled
InGaN QDs with similar QD-barrier band offsets.
The spectral and statistical properties of our QDs are
comparable to those of self-assembled QDs. [34] How-
ever, unlike self-assembled QDs, we have control over not
only the positioning but also all key structural parame-
ters of our InGaN QDs, including the disk thickness l, the
disk diameter D, and the indium mole fraction x, limited
only by the present MOCVD growth and electron-beam
lithography technologies, as will be discussed below.
To verify the control over our QDs’ structural parame-
ters, we compare the variations in the QDs’ optical prop-
erties with uncertainties in the structural parameters in
the fabrication. On one hand, the statistical distribu-
tions of single-dot PL energy are obtained from the µ-PL
of 30 individual QDs. As shown in Fig. 4(a), the PL en-
ergy has a standard deviation of 34.5 meV. On the other
hand, we can estimate the variation in the QDs’ PL en-
ergy due to fluctuations in l, D, and x. The results are
summarized in Table I.
To evaluate the contribution of the fluctuation of ∆l =
4FIG. 4. Uniformity of QD PL energy at 10 K. (a) PL energy
distributions of 30 QDs of diameter D = 29 nm within 1.7 nm
of fluctuation as shown in (c). (b) PL energy E vs. QD di-
ameter D of nine dense arrays of QDs with diameters ranging
from 19 nm to 33 nm. The solid line is a linear fit of the data
yielding ∆E
∆D
= −3.5 meV/nm. (c) Diameter statistics of 30
QDs in the same array measured by SEM showing a standard
deviation of ∼2 nm.
2 ML (1 ML∼0.5 nm) we use a simple planar capacitor
model in which the upper and lower InGaN/GaN inter-
faces are the two capacitor plates. We assume that a fixed
amount of charge at the two plates leads to a fixed elec-
tric field strength F . Therefore, increasing l decreases
E by ∆E = eF∆l. The amount of E reduction from
the intrinsic InGaN bandgap without any strain E0 is
E0 − E = eF l = 63 meV which is extracted from the
E vs. D relation of a QD.[32] Knowing l = 3 nm and
∆l = 2 ML we get ∆E = eF∆l/l = 21 meV. Increasing l
also reduces carrier confinement in the vertical (growth)
direction which further reduces the PL energy. This can
be estimated by a simple 1D particle-in-a-box model, as-
suming the potential in the vertical direction acts as an
infinite potential well, as ∆E = ∆l ddl
(h¯pi/l)2
2m = 18 meV
in which h¯ is the reduced Planck constant and m is the
effective mass of a GaN exciton, 1.6 times the free elec-
tron mass. Therefore, the total contribution due to ∆l is
roughly ∆El =
√
212 + 182 = 28 meV.
To study how the diameter influences the optical prop-
erties of our QDs, we measured the PL energy of nine
dense arrays of QDs with different diameters. Each dense
array has 100× 100 QDs with the same nominal diame-
ter. Fig. 4(b) shows the PL energy E vs. QD diameter
D data, which reflects mainly the relaxation of strain
due to diameter reduction.[35] A linear fit of the data
suggests that the PL energy changes with diameter at a
rate ∆E∆D = −3.5 meV/nm. On the other hand, a statis-
tics of QD diameter in the same array measured by SEM
suggests that the diameter fluctuation is ∆D = 2 nm as
shown in Fig. 4(c). Therefore, PL energy inhomogene-
ity ∆E caused by diameter fluctuation is only around
∆ED = 6 meV.
The indium-fraction inhomogeneity originates from the
fundamental uncertainty in the number of indium atoms
in each QD. Studies [36] have shown that InGaN is a
random alloy in which indium atoms distribute randomly
but uniformly, and that they do not form the so-called
indium-rich islands of the nanometer-length scale espe-
cially when the indium fraction is as low as x = 15 %
as in our case. In a disk-shaped In0.15Ga0.85N QD of
3 nm in thickness and 29 nm in diameter, there are
around N = 4, 500 indium atoms. Being a random al-
loy means that the number of indium atoms obeys the
Poisson distribution whose standard deviation can be
calculated as σN =
√
N = 67. Therefore, the mini-
mum indium-fraction fluctuation is ∆x = xσNN = 0.2%.
This gives rise to a PL energy fluctuation of ∆Ex =
(3.5 eV − 2.89 eV)∆xx = 8 meV, in which 3.5 eV is
GaN band gap and 2.89 eV is the average QD PL en-
ergy from Fig. 4(a). Here we assumed that the band gap
varies linearly with the indium fraction.
All three sources of inhomogeneities, as summarized
in Table I, add up to ∆E =
√
∆E2l +∆E
2
x +∆E
2
D =
30 meV, which matches well with the observed total PL
energy fluctuation of σE = 34.5 meV. From this analysis
we also concluded that the QD thickness fluctuation is
the dominant source of inhomogeneity.
The yield of optically active nanodisks is over 90% for
disks > 20 nm in diameter. Interestingly, none of the
nanodisks smaller than 15 nm is optically active. Such
sharp diameter cut-off provides strong evidence that the
formation of our QDs is not due to the random inclusion
of so-called localization centers (LCs). Such LCs, ex-
pected to be a few nanometers large in the lateral dimen-
sion, [36] could form due to QW thickness fluctuations
or at indium-rich islands. The sharp intensity cut-off at
∼ 15 nm clearly suggests that the emission intensity is
correlated with the size of the entire InGaN disk rather
than small few-nanometer-scale LCs within the InGaN
disk. As discussed before, the difference in the strain
at the center and sidewall of the nanodisks creates an
in-plane confinement potential in large nanodisks, which
protects excitons from surface recombination. [32] The
depth of the confinement potential decreases as the disk
diameter reduces. In disks smaller than 15 nm, the strain
relaxation is significant enough even at the center of the
disk, and the in-plane confinement potential effectively
diminishes, resulting in very low quantum efficiency in
these dots.
To estimate the yield of good single photon source from
our QDs, we measured g(2)(0) for 16 out of 30 QDs cho-
sen to cover the full range of PL energies. All of them
demonstrated photon antibunching (g(2)(0) < 1) at 10 K
while four have g(2)(0) < 0.5, showing that the yield of
single photon source is 13%-25%. The variation in g(2)(0)
reflects the variation in the biexciton-to-exciton QE ra-
tios, which is again caused by the variation in the height
5of the confinement potential.[32] QDs with higher con-
finement potentials have higher biexciton-to-exciton QE
ratios and, hence, worse anti-bunching.
In conclusion, we have demonstrated single photon
emission from site-controlled single InGaN/GaN QDs
up to 90 K, the highest temperature among all site-
controlled QDs to date. The structural parameters of
the QDs, and correspondingly their optical properties,
are well controlled, limited mainly by the precision of
the electron-beam lithography and MOCVD technolo-
gies. Future improvements, including GaN regrowth and
using AlGaN as the barrier material, may reduce the
spectral linewidth and increase the QD operating tem-
perature.
These QDs have the potential to serve as cryo-free
single-photon sources at wavelengths that match the
peak-efficiency wavelength of silicon photo-detectors.
They are fabricated in a practical and scalable fashion
and can be placed very close to each other, well within
a wavelength. Therefore they are suitable for on-chip in-
tegration with other nano-photonic components, such as
photonic crystal cavities, plasmonic resonators and mul-
tiple QDs.
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